A decline in soil quality is a major factor contributing to the degradation of forest ecological function. Vegetation plays a vital role in maintaining soil quality; however, the influence of plantation length on soil quality remains unclear. In this study, we collected soil samples in Northern China using a space-for-time substitution method. Soil were collected from control grassland; a clear-cutting site; 16-year-old (young, first, and second generation), 28-year-old (immature, first, and second generation), and 44-year-old (mature, first generation) Larix principis-rupprechtii Mayr stands in May, July, and September 2016. We measured soil physical and chemical properties, microbial communities, and enzymatic activities. We selected soil bulk density, non-capillary porosity, volume humidity, soil organic carbon and activity of polyphenol oxidase to calculate a soil quality index (SQI) for each site. Our data indicated that clear-cutting greatly decreased soil quality of Larix principis-rupprechtii forests but returning the harvesting residues to the forest floor could reduce the negative impact of clear-cutting on soil quality. The soil quality improved significantly by prolonging the cultivation cycle and it took about 39 years for the first-generation forest to restore soil quality to the level of the control plot. Our study confirms that SQI provides a comprehensive measurement of soil quality with the identification of a minimum data set. Comparing SQI with other soil quality indicators would help us to optimize the method for assessing soil quality.
Introduction
Soil degradation is a global problem in the 21st century [1] . Declining soil quality leads to the disruption of normal ecosystem functions and a reduction in ecosystem services [2] . From 1950 to 2010, soil ecosystem services were degraded by 60% [3] , and accelerated soil degradation was reported to globally affect around 33% of the earth's land surface [4] . One potential cause of soil degradation is plantation forestry since repeated harvest and successive replanting can result in the depletion of soil nutrients [5, 6] . The high nutrient demands of some tree species [7, 8] may eventually lead to a decrease in soil quality [9] . Therefore, to maintain the productivity of forests, urgent action is needed to assess the impact of successive cultivation of timber forests on soil quality. which the forest plantations of Larix principis were established. The forest plantations included the first-generation 16-year-old (young, abbreviated as 1G-16YR), 28- year-old (immature, abbreviated as 1G-28YR), and 44-year-old (mature, abbreviated as 1G-44YR) stands; the second-generation 16-year-old (young, abbreviated as 2G-16YR) and 28-year-old (immature, abbreviated as 2G-28YR) stands; and a clear-cutting site (CC) where a mature, i.e., 44- year old, first-generation plantation was harvested in 45 years. The CG plot had never been planted with any trees and had no human disturbance. The 2G-16YR and 2G-28YR were plots where 3-year-old Larix principis-rupprechtii seedlings were planted after clear-cutting of mature plantations 13 and 25 years earlier respectively. The woodland was plowed the year before afforestation; in the year of afforestation, the woodland was excavated by a tree planting digger, and the seedlings were planted. The first five years after afforestation, workers used a mower to cut grass in the woodlands. After clear-cutting, we also employed a tracked grab wood machine to remove the timber from the woodland. Unfortunately, no 44-year-old second-generation stands were available in the SNFP. All the sites used in the present study were located in similar soil and landscape.
In May 2015, five 20 m × 20 m quadrats were established in a grid within each of the seven types of plots, totaling 35 plots. More information is provided in Table 1 . In May, July, and September 2016, the soils from the top 0-10 cm, 10-20cm and 20-30 cm layers were collected from the study sites in one day. Ten soil cores were collected at randomly selected points from each plot with a 3.6-cm-diameter soil auger, and the samples from different depths at the same location were mixed together as a composite sample, thereby totaling ten composite samples. Stones and roots were removed from the soil samples by hand, and the samples were sieved through 2-mm sieves. Five soil samples were stored at 4 • C to analyze the soil microbial biomass and enzyme activity, and the remaining samples were oven-dried at 105 • C to reach a constant dry weight for chemical analysis.
Physical Analysis
Soil bulk density (SBD) was determined by the intact core method [28, 29] , and soil capillary porosity (CP) was subsequently calculated using Equation (1) [30] . Soil non-capillary porosity (NCP) was also assessed by employing Equation ( 2) [31] . Moreover, Equation ( 3) was utilized to quantify total soil porosity (TP) based on NCP and CP [32] , and soil ventilation (SV) was measured by Equation (4); Equation (5) estimated volume humidity (VH). Soil water content (SWC) and saturated soil water content (SSWC) were also measured according to the gravimetric method [33] . Capillary water capacity (CWC) was characterized by the method of Rowell [34] , and field capacity (FC) was analyzed using a pressure plate apparatus [35, 36] .
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where CP (%), CWC (%), SBD (g cm −3 ), V (cm 3 ), and NCP (%) represent capillary porosity, capillary water capacity, the soil bulk density, the volume of the soil core, and non-capillary porosity, respectively; SSWC (%), TP (%), SV (%), VH (%), and SWC (%) stand for the saturated soil water content, the soil total porosity, the soil ventilation, volume humidity, and the soil water content, respectively.
Chemical Analysis
The soil pH was measured in deionized water by a Delta320 pH-meter using a slurry having a soil to water ratio of 2:5 (Mettler-Toledo Instruments, Shanghai Co., Ltd., Shanghai, China). The SOC was also evaluated using Walkley and Black wet oxidation method as outlined in Bao's work [37] . Moreover, the total nitrogen (TN) of the soil was digested by concentrated sulfuric acid (98% H 2 SO 4 ), and the available phosphorus (AP) extracted from soil by employing hydrochloric acid-ammonium fluoride (HCl + NH 4 F) was determined by AA3 HR AutoAnalyzer (Seal Analytical Ltd., Southampton, UK). The total potassium (TK) of the soil was extracted using concentrated sulfuric acid (98% H 2 SO 4 ) and measured by Lumina3300 (Aurora Biomed Inc., Vancouver, BC, Canada).
Microbial Properties
Soil samples for soil microorganism analysis were passed through a 1-mm sieve and stored in a ziplock bag at 4 • C. The soil microbes were assessed using dilution plate counting [38] , and five replicates were performed on each sample. Bacteria were cultured in a medium of beef-extracted peptone agar. Actinomycetes and fungi were respectively cultured using a modified Gaussian medium and Martin's agar medium; the culture temperature was 28 • C. The bacteria and actinomycetes were cultured for 3-5 days and the fungi were cultured for 5-7 days.
Soil Enzyme Activity
The activity of catalase and polyphenol oxidase (PPO) activities were measured by potassium permanganate titration and pyrogallol colorimetry according to Waldrop et al. [39] . Soil urease activity was also assessed by sodium phenol colorimetry according to Kandeler and Gerber [40] .
Statistical Analysis
The SQI was calculated according to Andrews and Carroll [18] , and three steps were involved in the elaboration of the quality index: (1) the identification of a minimum data set (MDS), (2) the assignment of a score to each indicator by linear scoring functions, and (3) the data integration into an index.
Three steps were used to identify the MDS. (1) Data screening: one-way analysis of variance (ANOVA) was performed on the physical, chemical, and biological properties and the enzyme activities of the soil. Then, the variables exhibiting significant differences among treatments (p < 0.05) were chosen for the next step. (2) Selection of representative variables: the principal component analysis (PCA, see Supplementary Material, Table S1 ) was performed on the variables chosen from step (1) . Only the principal component (PC) explained greater than 5% and eigenvalues ≥ 1 were examined. Within each PC, only the factors weighted with absolute values within 10% of the highest weight were retained for the MDS. (3) Redundancy reduction: multivariate correlation coefficients were used to determine the strength of the relationships among the variables. Highly correlated variables (correlation coefficient > 0.70) were considered redundant and nominated to be eliminated from the data set. To choose variables within the well-correlated groups, we summed the absolute values of the correlation coefficients for these variables. It was assumed that the variable with the highest correlation sum represents the group best. Any uncorrelated, highly weighted variable was considered important and retained in the MDS. Linear scoring was applied in this study following the approach of Andrews and Carroll [18] . The linear scoring function (Equation (6)) was used to convert the measured values to the scored values as follows [41] :
where S ij is the score of soil variable i of sample j, and V ij represents the observed variable value of sample j; V imax and V imin stand for the highest value of variable i and the lowest value of variable i, respectively. The scores of the indicators in the MDS ( Table 2) were integrated into an SQI (Equation (7)) according to the work of Andrews et al. [42] , as follows:
where S i is the score assigned to indicator i, and Q(xi) denotes the scoring result of each soil quality factor; n represents the number of indicators included in the MDS. One-way analysis of variance (ANOVA) was utilized to judge the significant differences among the physical, chemical, and biological properties of the soil, among the enzyme activity of the soil, and among the SQI of these treatments for the seven types of the forest lands. First, Shapiro-Wilk test and Levene test were used to respectively verify the assumptions of the normality and homogeneity of variance of the data on each variable; Duncan test was then used for a multiple comparison analysis. All the statistics calculation was conducted using PASW Statistics 18 (IBM, Armonk, NY, USA) with the level of significance set at p < 0.05. A p-value smaller than 0.05 indicates that the possibility of assumption is greater than 95%, and a p-value less than 0.01 in the following denotes that the possibility of assumption is greater than 99%. All the figures were also generated using Origin 8 (Origin Lab, Northampton, MA, USA).
Results

Soil Physical Properties
Soil Bulk Density
As shown in Figure 1 , SBD was significantly higher in CG plot (1.39 g cm −3 ) among the seven types of plots. After the initial afforestation, the sample SBD dropped significantly, i.e., the SBD of 1G-16YR was 1.12 g cm −3 . The SBD of the first-generation forest was enhanced with an increase in stand age. The SBD of the mature forest wood (1.24 g cm −3 ) was also higher than that of the other stands. Moreover, there was no significant difference in SBD before and after clear-cutting. The SBD of the 2G-16YR plot (1.10 g cm −3 ) was significantly lower than that of CC plots. The SBD of the second-generation forest still rose with an increase in stand age, but the SBD of CC was significantly dropped by 11.85% compared to CG. In this study, the difference in the SBD of the soils of the seven types of plots was significant (p < 0.01). by 11.85% compared to CG. In this study, the difference in the SBD of the soils of the seven types of plots was significant (p < 0.01). 
Soil Porosity
TP and NCP generally improved with a rise in stand age synchronously, and the values (60.73% and 11.99%) in 1G-44YR were higher compared to the other stand types ( Figure 2 ). The TP of 1G-16YR was significantly increased by 9.62% compared with that of CG, but the NCP of 1G-16YR was 20.46% lower than that of CG. The TP and NCP of the samples in the plot were not significantly different before and after the second afforestation (p > 0.05). Caused by clear-cutting, NCP fell by 23.61% in the 1G-44YR plot. CP and SV also decreased with the increase of stand age. The values of forest CP (51.72%) and SV (43.61%) appeared in 1G-16YR were higher than those of the other stands. The CP and SV of 1G-16YR were 1.82% and 9.67% higher than that of CG, respectively, whereas the difference was not significant (p < 0.05). Also, the CP and SV of 2G-16YR significantly grew respectively by 2.63% and 106.62% compared to that of CC (p < 0.01); however, the SV of CC was significantly lower than that of CG by 49.77%. Except for CP (p = 0.15), the other soil porosity indicators were significantly different among the seven types of the plots (p ≤ 0.05). 
Soil Water Content
The trend of SWC was the same as VH trend (Figure 3a ,e). As stand age rises, a significant decline was seen in SWC and VH after afforestation, but an opposite trend was noticed after clearcutting. SWC (30.97%) and VH (29.14%) in the CC plots were significantly higher than those of the other stands. The CWC and FC of the first-generation forest dropped with an increase in stand age. Nevertheless, no significant difference was seen in CWC and FC between the two stand ages of the second-generation forest. The values of CWC (46.39%) and FC (44.62%) appeared in 1G-16YR ( Figure  3c,d) were higher compared to the other stand types, and CWC and FC were upgraded either by afforestation or by clear-cutting. The value of SSWC was significantly higher in 1G-16YR (49.97%) than in the CC plots (41.76%, Figure 3b ). Compared with CG, SWC and VH significantly rose by 78.83% and 82.96% in the CC plots, respectively. Except for SSWC, the soil moisture indices were significantly different among the seven types of the plots (p < 0.05). 
The trend of SWC was the same as VH trend (Figure 3a ,e). As stand age rises, a significant decline was seen in SWC and VH after afforestation, but an opposite trend was noticed after clear-cutting. SWC (30.97%) and VH (29.14%) in the CC plots were significantly higher than those of the other stands. The CWC and FC of the first-generation forest dropped with an increase in stand age. Nevertheless, no significant difference was seen in CWC and FC between the two stand ages of the second-generation forest. The values of CWC (46.39%) and FC (44.62%) appeared in 1G-16YR (Figure 3c,d) were higher compared to the other stand types, and CWC and FC were upgraded either by afforestation or by clear-cutting. The value of SSWC was significantly higher in 1G-16YR (49.97%) than in the CC plots (41.76%, Figure 3b ). Compared with CG, SWC and VH significantly rose by 78.83% and 82.96% in the CC plots, respectively. Except for SSWC, the soil moisture indices were significantly different among the seven types of the plots (p < 0.05). 
Soil Chemical Properties
Soil pH Value
The pH value of the second-generation forest was significantly higher than that of the firstgeneration forest (Figure 4) ; the acidity of the soil was lower in the CG plot (6.36), but the acidity of 1G-16YR (5.64) soil was higher compared to the other stand types. The pH value of the firstgeneration forest increased as the stand age rose, while the second-generation forest showed an opposite trend. The pH of clear-cut land was also reduced by 1.37%. Moreover, the pH of CC was significantly lower (9.59%) than that of CG. The pH difference among the plots was significant (p < 0.01). 
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Soil Nutrients
SOC, TN, and TK all were enhanced with an increase in stand age unanimously. After clearcutting, SOC, TN, and TK were reduced by 44.44%, 29.85%, and 16.31%, respectively. Afforestation reduced TN and TK both in the CG plot and the CC plot but increased SOC. The value of SOC in 1G-44YR (84.27 g kg −1 ) was significantly higher than that of the other stand types. In addition, the values of TN (3.90 g kg −1 ) and TK (3.02 g kg −1 ) of the CG plots were remarkably higher compared to the other stand types ( Figure 5 ). However, the TN and TK values of the CC plot were considerably lower than those of CG plot by 44.97% and 23.65%, respectively. Except for AP, the indicators were markedly different among the seven types of plots (p < 0.01). 
SOC, TN, and TK all were enhanced with an increase in stand age unanimously. After clear-cutting, SOC, TN, and TK were reduced by 44.44%, 29.85%, and 16.31%, respectively. Afforestation reduced TN and TK both in the CG plot and the CC plot but increased SOC. The value of SOC in 1G-44YR (84.27 g kg −1 ) was significantly higher than that of the other stand types. In addition, the values of TN (3.90 g kg −1 ) and TK (3.02 g kg −1 ) of the CG plots were remarkably higher compared to the other stand types ( Figure 5 ). However, the TN and TK values of the CC plot were considerably lower than those of CG plot by 44.97% and 23.65%, respectively. Except for AP, the indicators were markedly different among the seven types of plots (p < 0.01). 
Soil Biological Properties
Soil Microorganisms
As illustrated in Figure 6 , bacteria, actinomycete, and fungi were promoted with the increased stand age. The value of bacteria in 1G-44YR (60.87 × 10 6 g −1 ), the value of actinomycete in 2G-28YR (11.70 × 10 6 g −1 ), and that of fungi in the CG plots (11.83 × 10 4 g −1 ) were higher than their counterparts in the other types of stands. The bacteria of the first-generation forest land were significantly larger than those of the second-generation forest. The value of the bacteria of 1G-16YR was 2.27 times more than that of 2G-16YR, and the bacteria value of 1G-28YR was 1.69 times higher than that of 2G-28YR. Except for fungi (p = 0.06), the other indicators were noticeably different among the plots (p < 0.05). 
Soil Biological Properties
Soil Microorganisms
Soil Enzyme Activity
The activity of catalase, PPO, and urease was enhanced with the increase of stand age ( Figure  7) . The catalase value of the CG plot (0.62 mL g −1 ) and the values of PPO and urease of the 1G-44YR plot (0.44 10 −2 and 2.67 mg g −1 ) were higher than those of the other plots. The PPO value of 2G-16YR was significantly decreased by 32.03% compared with that of the CC plot, while the PPO value was considerably reduced by 26.39% due to clear-cutting. Also, clear-cutting markedly dropped urease by 51.94%. 
The activity of catalase, PPO, and urease was enhanced with the increase of stand age (Figure 7) . The catalase value of the CG plot (0.62 mL g −1 ) and the values of PPO and urease of the 1G-44YR plot (0.44 10 −2 and 2.67 mg g −1 ) were higher than those of the other plots. The PPO value of 2G-16YR was significantly decreased by 32.03% compared with that of the CC plot, while the PPO value was considerably reduced by 26.39% due to clear-cutting. Also, clear-cutting markedly dropped urease by 51.94%.
Soil Quality Index
Soil variables with significant differences among treatments included SBD, TP, NCP, SV, SWC, CWC, FC, VH, pH, SOC, TN, TK, bacteria, actinomycete, PPO, and urease. The first four PC's explained greater than 5% and eigenvalues ≥ 1. The highly weighted variables under the four PC's were SBD, TN, SV, VH, bacteria, PPO, NCP and SOC (see Supplementary Material, Table S1 ). As illustrated in Figure 8 and Table S2 , 1G-44YR had the greatst soil quality; NCP and SOC were not well correlated with the other variables and retained for the MDS. SBD and TN were remarkably correlated; SBD had a higher correlation sum, so it was retained for the MDS. SV and VH were negatively correlated to each other; VH was retained for the MDS by the higher correlation sum. Bacteria and PPO were noticeably correlated; PPO had a higher correlation sum and was retained for the MDS. The variables selected to remain in MDS are SBD, NCP, VH, SOC, and PPO, which are used to calculate SQI. 
Soil variables with significant differences among treatments included SBD, TP, NCP, SV, SWC, CWC, FC, VH, pH, SOC, TN, TK, bacteria, actinomycete, PPO, and urease. The first four PC's explained greater than 5% and eigenvalues ≥ 1. The highly weighted variables under the four PC's were SBD, TN, SV, VH, bacteria, PPO, NCP and SOC (see Supplementary Material, Table S1 ). As illustrated in Figure 8 and Table S2 , 1G-44YR had the greatst soil quality; NCP and SOC were not well correlated with the other variables and retained for the MDS. SBD and TN were remarkably correlated; SBD had a higher correlation sum, so it was retained for the MDS. SV and VH were negatively correlated to each other; VH was retained for the MDS by the higher correlation sum. Bacteria and PPO were noticeably correlated; PPO had a higher correlation sum and was retained for the MDS. The variables selected to remain in MDS are SBD, NCP, VH, SOC, and PPO, which are used to calculate SQI. As depicted in Figure 9 , the SQI of 1G-44YR (0.66) was significantly larger than that of the other stand types. The SQI of CG (0.47) and that of CC (0.51) were remarkably higher than that of 1G-16YR (0.34) and that of 2G-16YR (0.33) by 38.24% and 54.55%, respectively. After a stand incubation period (compare the 1G-16YR with the 2G-16YR), the SQI was decreased by 2.90%, but the improvement was not significant (p < 0.05). As depicted in Figure 9 , the SQI of 1G-44YR (0.66) was significantly larger than that of the other stand types. The SQI of CG (0.47) and that of CC (0.51) were remarkably higher than that of 1G-16YR (0.34) and that of 2G-16YR (0.33) by 38.24% and 54.55%, respectively. After a stand incubation period (compare the 1G-16YR with the 2G-16YR), the SQI was decreased by 2.90%, but the improvement was not significant (p < 0.05).
As depicted in Figure 9 , the SQI of 1G-44YR (0.66) was significantly larger than that of the other stand types. The SQI of CG (0.47) and that of CC (0.51) were remarkably higher than that of 1G-16YR (0.34) and that of 2G-16YR (0.33) by 38.24% and 54.55%, respectively. After a stand incubation period (compare the 1G-16YR with the 2G-16YR), the SQI was decreased by 2.90%, but the improvement was not significant (p < 0.05). 
Discussion
Stand Age
Our observations supported our first hypothesis since all the indicators improved with an increase in stand age, except for TP, CP, SV, SSWC, CWC, FC, pH, AP, and catalase. The comprehensive analysis confirmed that the SQI was also significantly increased with an increased stand age. Furthermore, the results of this study are consistent with the work of Lima et al. [43] , whereas they are contrary to the results of Zhang et al. [6] ; this contrast is attributed to the lower temperature of the studied site, which consequently slowed down the decomposition of soil organic matter. Moreover, tree species are the main factors affecting microbial community activity and changing soil nutrient dynamics [44] , and the pine needles of Larix principis-rupprechtii returns nutrients to the soil in the form of litter in the non-growth season. The growth rate of Larix principisrupprechtii was slower and the demand for soil nutrients was relatively less. Thus, the cultivation of Larix principis-rupprechtii would improve soil quality. This study also stated that the average annual growth of the SQI from 28-to 44-year old was 1.27 times larger than that of the SQI from 16-to 28- year old (Figure 9 ). The older the forest stand is, the clearer the improvement of the soil quality is. It was speculated that the reason may be as follows: (1) The forest was gradually closed due to the increase of stand age; lower decomposition and soil disturbance reduction were found after the canopy closed [14, 45, 46] . Also, a high litter mass may contribute to the subsequent increase in SOC stocks in the older stands [47] [48] [49] . (2) During the early stages of plant life, nutrient absorption was kept at a high level, whereas litter production was at a low level. However, litter production increased, 
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Forest Generation
The results also showed that indicators such as SWC, VH, bacteria and PPO dropped by the change of forest generation. According to the comprehensive analysis, increasing forest generation reduced the soil quality in the stand, but the difference was insignificant, which failed to support our second hypothesis. The results of this study are not consistent with the work of Zhang et al. [6] on the soil change of the third and fourth generations of eucalyptus forests. It was speculated that Zhang et al. [6] decreased the disturbance of soil afforestation activities by changing the reclamation method the after clear-cutting of the third-generation forest and fertilized forest land to supplement soil nutrients and improve soil quality. In the present study, plowing the forest (creating furrows and ridges) exposed the soil to air during afforestation. The exposure process promoted the loss of mineral components and reduced soil quality. In addition to afforestation activities, clear-cutting also accelerates the decomposition rate of SOC [51, 52] and reduces SOC stocks, thereby causing a considerable decline in the soil quality in the forest land [27] . After clear-cutting, the cutting remains were not returned to the forest land, further resulting in a remarkable decrease in the soil quality of the forest land. However, the growth of the first-generation forests for more than 40 years has noticeably enhanced the soil quality. Therefore, an increase in the forest generation did not significantly reduce the soil quality of the forest land. Hence, the main reason for the decline of soil quality was artificial disturbance, including clear-cutting and afforestation. By returning harvesting residues and taking fertilizing measures, the negative effects of human disturbance, such as clear-cutting and afforestation, on the soil quality of forest lands would be reduced; delaying deforestation is also helpful in improving soil quality. Due to the long growth cycle of Larix principis-rupprechtii in Northern China, this study only focused on the first-and second-generation forests of Larix principis-rupprechtii in Northern China, and the influence of successive rotations on the soil quality should be continuously observed.
Clear-Cutting
Our observations demonstrated that a decline in the soil quality is caused by the reduction in porosity, microbial quantity except catalase, and the enzyme activity of soil with clear-cutting supporting the third hypothesis. Previous studies have shown that soil quality also declines due to human disturbance such as clear-cutting [6, 53] . They are mutually validated by the present study. Deforestation negatively impacts on soil physical properties and leads to the loss of soil nutrients [23] , coinciding with our results. Understorey vegetation also provides a better condition for microorganisms and alleviates rainfall-induced erosion and nutrient leaching [54] . After clear-cutting, dragging wood away and cutting residues could destroy the understorey vegetation and litter on soil and could expose a large number of aggregates of soil to air; thus, soil erosion and nutrient leaching occur after heavy rainfalls [55] . Erosion also damages soil structure and influences the circulation of elements, microbial populations, and organic compounds in soil [56, 57] . While most litter and harvesting residues were not returned to the forest land, the return of forest nutrients mainly depends on the precipitation leaching and the decomposition of inorganic nutrients by roots, leading to the remarkable inhibition of nutrient cycle in the forest ecosystem and a marked reduction in the efficiency of nutrient cycle [58] . Clear-cutting causes the exposure of ridges to air, the decomposition of organic matter, and the massive loss of soil mineral elements (a maximum loss of N, C, and K+) [24, [59] [60] [61] , which in turn lowers the number of microorganisms and soil enzyme activity, thereby ultimately reducing the soil quality and making the soil more barren [22, 25] . Therefore, clear-cutting causes exposure of soil to air and ultimately declines soil quality. In order to alleviate the negative effects of clear-cutting on soil quality, the use of heavy machinery should be minimized during the clear-cutting process, and the disturbance of human activities to forest soil should be lessened as well [62] , especially the disturbance to forest soil during the removal of tree stumps. Returning the harvesting residues to the forest land is required to maintain the coverage of litter and understorey vegetation. Thus, the decomposition of the soil organic matters, the soil erosion, the changes in soil structure, and the loss of soil nutrients through drenching would be minimized.
Forest Cultivation Cycle and Soil Quality Recovery Time
From planting Larix principis-rupprechtii seedlings to harvesting wood as a cultivation cycle, the soil quality declined by 2.90% through a forest cultivation cycle. Soil quality declining problems such as exposure of soil to air and nutrient loss are caused by the distribution of land through planting trees. As the soil quality in the growing forests gradually recovers, the forests play a role in improving the soil quality. In this study, due to the use of heavy machinery in the harvesting process and failure to take measures such as returning the cutting leftovers, the forest soil quality was greatly reduced. The studies of Selvaraj et al. [52] also support our results. Since the soil quality gradually improved from 16-year-old to 44-year-old forest stands after planting Larix principis-rupprechtii, the change in the stand SQI ( Figure 9 ) presumed that it would take about 39 years for the first-generation forest (calculated by regression analysis, see Supplementary Material, Table S3 ) and more than 28 years for the second-generation forest to restore soil quality. Therefore, in order to maintain the soil quality, the planting cycle of Larix principis-rupprechtii should be longer than 39 years.
SQI is a relatively novel method for soil quality assessment. In this research, five representative variables were selected among 24 soil variables to define the smallest data set, for SQI calculation. It provides a more intelligible and comprehensive measurement for soil quality. In future research, comparsion SQI and other common indicators for soil quality evaluation would be expected for more accurate variables determinating, to further optimize SQI calculation method.
Conclusions
The main findings of this study are as follows:
(1) Extending the cultivation cycle of Larix principis-rupprechtii forest was beneficial to improving soil quality. (2) Increasing forest generation did not significantly reduce soil quality.
(3) Clear-cutting could greatly decrease soil quality, and returning the harvesting residues to the forest land may reduce the negative impact of clear-cutting on soil quality. (4) In order to maintain soil health and achieve sustainable planting, the planting period of Larix principis-rupprechtii forests should be more than 39 years. (5) SQI provided a more intelligible and comprehensive measurement of soil quality with the identification of a minimum data set. Future studies should compare SQI with other soil quality indicators to further optimize SQI calculation method.
To better understand the impacts of successive Larix principis-rupprechtii planting on soil quality, more generations of Larix principis-rupprechtii plantations should be evaluated.
